Acetylcholine ͑ACh͒ was detected by using electrochemical deposition of Ni on an electrode. The electrochemical characteristics of the Ni-modified electrodes depend on the fabrication conditions such as the Ni 2+ reducing current density and the temperature of the electrolyte. The effect of the Ni 2+ reducing current density on the electrode performance is more obvious than that of the temperature of the deposition electrolyte. The optimal conditions for the Ni-modified electrodes are 20 mA/cm 2 for reducing the Ni 2+ and a temperature of the deposition electrolyte of 70°C. The surface morphology, roughness, and electrochemical characteristics of the Ni-modified electrode are analyzed by scanning electron microscopy, atomic force microscopy, and the linear sweeping potential method. The Ni͑OH͒ 2 /NiOOH oxidation layers on the freshly prepared Ni-modified electrode are generated by repeating the cyclic voltammetry methods for 20 cycles until the oxidation layers approach stability in the alkaline solution. The optimal ACh sensing potential is 0.45 V ͑vs. Ag/AgCl͒. The response current of ACh was linear from to 500 ppm with a sensitivity of 0.182 µA/ppm. The reproducibility of the response current for sensing ACh is good. The electrochemical activities of neuron transmitters are epinephrine Ͼ dopamine Ͼ ascorbic acid Ͼ choline Ͼ ACh.
The determination of acetylcholine ͑ACh͒ concentration is an important issue for clinical diagnosis. ACh is a key neurotransmitter in both the central nervous system and the skeletal junctions. The activity of the ionotropic receptors is changed to modulate the potential of the synaptic membrane potential by the releasing neurotransmitter ACh. 1 Thus, K + or Na + can transport through the ion channels to balance the ion concentrations. ACh is a biochemical species that affects learning, memory, emotion, and muscle tone. 2, 3 ACh is synthesized in neurons from the precursor, choline ͑Ch͒, by acetyl coenzyme A. After binding with the receptors, the choline and acetic acid are produced by acetylcholinesterase ͑AChE͒ from the decomposition of ACh. If ACh cannot be metabolized and accumulates in nervous tissue, various diseases may onset. There are clinical explorations indicating that some neuropsychiatric disorders such as Parkinson's disease, Alzheimer's disease, 4 and myasthenia gravis are due to the unstable regulation of ACh concentrations. 5 Traditional methods for analyzing ACh such as high performance liquid chromatography HPLC [6] [7] [8] use an immobilized bienzyme column as the electrochemical detector. Radioimmunoassay can be used to detect ACh in the blood and plasma at very low concentrations. 9, 10 In general, ACh concentration in the blood is about 1264 ± 149 pg/mL, but the local concentration in the synaptic terminal is higher than this value. 1 ACh sensors have been developed in the last decades including potentiometric and amperometric sensors. [11] [12] [13] [14] [15] [16] [17] [18] [19] ACh is not an electroactive material; consequently, both potentiometric and amperometric methods are based on the enzyme-modified interfaces for the sensor design. Potentiometric measurement employs an ionsensitive field effect transistor ͑ISFET͒ as a signal transducer and uses the acetylcholinesterase to modify the sensing interface. The reaction mechanism has been clearly proposed as follows [11] [12] [13] [14] 
Then the ISFET senses the gate-source potential change induced by hydrogen ions. The hydrogen ions are decomposed from ACh by AChE as shown in Reaction 1. In the amperometric method, the AChE and cholineoxidase ͑ChO͒ dual enzyme is immobilized on an electrode surface such as a platinum electrode. [15] [16] [17] [18] [19] The species from the decomposition of ACh and choline are oxidized by the ChO to generate hydrogen peroxide. Meanwhile, ChO consumes the dissolved oxygen in the solution at the same time. The reaction mechanism is as follows
The hydrogen peroxide and the consuming dissolved oxygen can be detected by the platinum electrode and oxygen sensor, respectively. However, the enzymatic method has limitations in usage because of deactivation of the enzyme, the cost, and the slow response time of the sensor, which originates from the resistance of ACh diffusion. The Ni͑OH͒ 2 /NiOOH catalytic system has been utilized to oxide ACh molecules and alcohol in the enzyme-free system, [20] [21] [22] [23] and the reaction mechanisms are suggested as follows. 24 Step 1. ACh molecules were hydrolyzed in the alkaline solution
Step 2. The Ni electrode was anodically oxidized to form the Ni͑OH͒ 2 /NiOOH catalytic system with adsorbed hydroxyl molecules
Step 3. The alcohol group of choline was oxidized to a carboxylic group
It is well known that Ni͑OH͒ 2 /NiOOH can catalyze and oxidize the alcohol functional group to a carboxyl group in aqueous solution. [21] [22] [23] 25 The background current of the pure Ni electrode is unstable, and there is low sensitivity in the electrochemical sensing system. According to the steady-state limiting current equation 21, 22, 26 is the bulk concentration, and ␦ is the thickness of the boundary layer. The sensitivity is defined as the slope of nFAD 0 /␦. The slope is dependent on the catalytic area A, and it can be increased by using electrochemical deposition of Ni on the substrate.
Experimental
Chemical reagents.-Choline chloride and potassium acetate were purchased from Acros, and Nacalai Tesque, respectively. Potassium hydroxide, sodium citrate, sodium hypophosphite, acetylcholine chloride ͑ACh͒, dopamine ͑DA͒, epinephrine ͑EP͒, and ascorbic acid ͑AA͒ were purchased from Riedel-deHaen. Carbon rods as the substrates were purchased from Central Carbon Company, Taiwan, ROC. The carbon was cleaned by ultrasound washer with acetone and deionized ͑DI͒ water. The 0.5 cm 2 specific sensing area of the carbon electrode was controlled and insulated by epoxy. All chemical reagents used were guaranteed assay and of 99.9% purity. DI water double-filtrated by reversible osmosis was used throughout the experiment.
Ni-modified electrode preparation.-The Ni
2+ ions were reduced and generated the Ni layer on the carbon as a substrate with specific area by outputting the constant reducing current. The electrolyte contained 0.5 M of Ni 2+ , 0.1 M potassium acetate, and 0.25 M sodium citrate to control the pH at 4.8 in the deposition solution. The operation conditions for preparing modified electrodes are the factors affecting the sensing behaviors. The reducing current densities were set as follows: 5, 10, 15, 20, and 25 mA/cm 2 . The bath of the deposition electrolyte was kept at 50, 60, 70, 80, and 90°C. During the electrochemical deposition, the electrolyte was agitated with a stirring rate of 100 rpm to increase the convection of Ni 2+ to the substrate surface and reduce the concentration gradient. The freshly prepared Ni-modified electrodes were washed with water and then activated to generate the oxide layers by cyclic voltammetry in the potential range from 0 to 0.6 V ͑vs. Ag/AgCl͒ before sensing ACh. The Ni-modified electrodes were tested in the sensing performance of Ach, and the surface morphology of the electrode was characterized by cyclic voltammograms ͑CVs͒, scanning electron microscopy ͑SEM͒, and atomic force microscopy ͑AFM͒.
Sensing system.-The sensing system was set by three electrodes including working, counter, and reference electrodes in the batch system. The concentrations of ACh were diluted from a high concentration ͑500 ppm͒ to a low concentration ͑100 ppm͒ and back to the ACh-free solution. Carbon was modified with the deposited Ni as the working electrode. The counter electrode was platinum with 1 cm 2 surface area, and the reference electrode was Ag/AgCl. The anodic oxidation of ACh was carried out by applying a positive potential in the limiting current potential window, and the chronoamperometric response current was recorded by using a potentiostat ͑CHI 614A͒. The sensitivity was defined as the ratio of the response current to the concentration of ACh 
where S is the sensitivity ͑mA/ppm͒, ⌬I is the current response ͑µA͒, and ⌬C is the change of ACh concentration ͑ppm͒. In the interferences test, the neuron transmitters including DA ͑1.89 ppm͒, EP ͑1.83 ppm͒, AA ͑52.8 ppm͒, and Ch ͑13.9 ppm͒ were chosen to compare the electrochemical activities with ACh ͑10 ppm͒. The concentrations employed are typical of those present in the brain. 27 
Results and Discussion
Surface characteristics of Ni-modified electrode.-The surface morphology of the Ni-modified electrode was analyzed by SEM and AFM, and the images are shown in Fig. 1 and 2 , respectively. The electrochemical deposition electrolyte contained 0.5 M Ni 2+ , 0.1 M potassium acetic acetate, and 0.25 M sodium citrate. The applied reducing current densities were 5 and 20 mA/cm 2 for depositing Ni on the substrate. The grain size of the deposited Ni in the 5 mA/cm 2 reducing current density ͑Fig. 1a͒ is similar to that of the 20 mA/cm 2 reducing current density ͑Fig. 1b͒, and the grain sizes of deposited Ni range from 6 to 20 µm. However, the profile of the grain boundaries of the Ni 2+ reducing current 5 mA/cm 2 in Fig. 1a is clearer than that of the Ni 2+ reducing current 20 mA/cm 2 , as shown in Fig. 1b . The small reducing current supplies the slow deposition rate for reducing Ni on the substrate and results in polycrystalline Ni grains. In contrast, the fast deposition rate of the reduced Ni formed an amorphous structure at the larger reducing current. The surface roughness of the Ni-modified electrode was measured by AFM, and the results are shown in Fig. 2 . The topography of the Ni-modified electrode can be mapped by the nanotip made by silicon nitride. The signal was measured through the force interaction between the nanotip and the substrate. The tip measurement in the tapping mode is employed in this study. The topography image mapped by the Ni 2+ reducing current density, 20 mA/cm 2 ͑Fig. 2b͒ is smoother than that of the surface mapped by 5 mA/cm 2 ͑Fig. 2a͒. The roughness of the Ni-modified electrode was also measured. The average roughness of the Ni-modified electrode made by 5 and 20 mA/cm 2 reducing current density was 74.5 and 33.6 nm, respectively.
Effect of Ni
2+ reducing current and electrolyte temperature on ACh sensing.-The effect of Ni 2+ reducing current density for the electrochemical deposition is shown in Fig. 3 . The results reveal that the sensitivity increases linearly from 0.024 to 0.284 µA/ppm with the reducing current density increasing from 5 to 20 mA/cm 2 , and then the sensitivity approaches 0.3 µA/ppm at 25 mA/cm 2 Ni 2+ reducing current density. The sensitivity correlating to the Ni 2+ reducing current density obviously shows about a tenfold increase in intensity. The electrochemical characteristics of Ni-modified electrodes were also tested in 0.2 M NaOH solution by the linear sweeping potential methods with a 100 mV/s sweeping rate. The results, shown in Fig. 4 , indicated that the formation of oxidation peaks with different Ni 2+ reducing current densities were located in the potential range from 0.41 to 0.45 V ͑vs. Ag/AgCl͒. The oxidation peaks were related to the formation of Ni͑OH͒ 2 /NiOOH. 23, 28, 29 The Nimodified electrodes prepared by 15 and 20 mA/cm 2 reducing current densities generated the more obvious peak currents at 0.45 and 0.42 V ͑vs. Ag/AgCl͒, respectively. The larger Ni 2+ reducing current density generated more Ni͑OH͒ 2 /NiOOH active sites of the catalytic system and resulted in more sensitivity of the electrodes to the ACh. The Ni-modified electrodes prepared by the smaller reducing current densities of 5 and 10 mA/cm 2 generated smaller peak currents and resulted in less sensitivity for ACh.
In the preparation process of the Ni-modified electrode, the effects of the temperature of the deposition electrolyte for reducing Ni 2+ on sensing ACh are shown in Fig. 5 . The sensitivities increased obviously from 0.155 to 0.196 A/ppm with a temperature increase from 50 to 70°C The sensitivity reached the maximum ͑0.196 A/ppm͒ at 70°C deposition temperature and then dropped to 0.172 A/ppm when the deposition temperature rose to 90°C. The increasing intensity of the sensitivity from 50 to 70°C is 20%. Therefore, the effect of the Ni 2+ reducing density is more apparent than that of the preparation temperature. The optimum temperature of electrolyte for reducing Ni 2+ was 70°C.
Generation of Ni(OH) 2 /NIOOH layer.-The
Ni-modified electrode should be activated by using the cyclic voltammetry method ͑100 mV/s͒. The scanning potential was in the range from 0 to 0.6 V ͑vs. Ag/AgCl͒ for 20 cycles in 0.2 M NaOH solution with a 100 mV/s scanning rate until the Ni͑OH͒ 2 /NiOOH layer approached stability. The electrochemical behavior of the Ni-modified electrode is shown in Fig. 6 . It exhibited a broad oxidation potential range in the first scanning cycle in the potential range from 0 to 0.45 V ͑vs. Ag/AgCl͒ due to the modified Ni being oxidized to Ni͑OH͒ 2 . 28 The oxidation peak currents increase with increasing scanning cycles due to the growth of the Ni͑OH͒ 2 /NiOOH layer. The electrochemical characteristics of the Ni-modified electrode were similar to those of the pure Ni electrode. 28 However, the morphology of the CV curves of the Ni-modified electrode is different from that of the pure Ni electrode. The oxidation peak current formed at 0.48 V ͑vs. Ag/ AgCl͒ was the Ni͑OH͒ 2 /NiOOH transition state, and the catalysis occurred at this potential. The reduction peak current formed at 0.35 V ͑vs. Ag/AgCl͒ during the reversed scan was the reduction of Ni oxide. The anodic peak current at 0.48 V ͑vs. Ag/AgCl͒ increased with the scanning cycles, but the cathodic peaks increased and shifted to more negative potential with increasing scan cycles. The oxide layer of the modified Ni was less conductive and needed a more negative potential to reduce the NiOOH.
Linear potential sweep voltammograms with ACh.-Linear potential sweep voltammograms of the Ni-modified electrode were carried out with a potential range of 0.4 to 0.55 V ͑vs. Ag/AgCl͒ under a low sweeping rate ͑5 m V/s͒ in the 0.2 M NaOH solution. The linear sweeping curves are shown in Fig. 7a and b. Figure 7a shows that the currents increase with the applied potential before 0.44 V ͑vs. Ag/AgCl͒, and then the curves approach a plateau in the potential range from 0.44 to 0.48 V ͑vs. Ag/AgCl͒ whether the solution contains ACh or not. It seems that the limiting current range is located in the 0.44 to 0.48 V range ͑vs. Ag/AgCl͒ in Fig. 7a . Therefore, if the sweeping currents with different ACh concentrations are based on the sweeping current of the electrolyte without ACh, the net oxidation currents with the different ACh concentrations are obtained as shown in Fig. 7b . The net oxidation currents are in the range from 0.38 to 0.48 V ͑vs. Ag/AgCl͒. The peak currents at 0.45 V ͑vs. Ag/AgCl͒ increase with increasing ACh concentration from 100 to 300 ppm. The effects of the applied potential on the sensitivity were tested, and the results are shown in Fig. 7c . The results indicated that the sensitivity increased from 0.26 to 0.37 µA/ppm with an applied potential of less than 0.44 V ͑vs. Ag/AgCl͒, and the increasing intensity is 30%. The sensitivity increased slightly to 0.38 µA/ppm at 0.45 V ͑vs. Ag/AgCl͒, the increasing intensity was 2.7%, and it then dropped to 0.355 µA/ppm at 0.46 V ͑vs. Ag/AgCl͒. The deposited Ni existed in different types of oxidation phases including ␣-, ␤-, and ␥-Ni͑OH͒ 2 /NiOOH, depending on the different applied potentials in alkaline solution. 29, 30 The phase of ␤-Ni͑OH͒ 2 /NiOOH has features of electrochemical catalysis. 25, 23 Therefore, applying a larger potential caused the Nimodified electrode to undergo a phase transformation with a consequent loss of catalytic activity. The optimum potential of the Nimodified electrode to sense ACh was employed as 0.45 V ͑vs. Ag/ AgCl͒.
ACh detection by Ni-modified electrode.- Figure 8 shows the current responses depending on the ACh concentrations measured by the Ni-modified electrode. The base line of the Ni-modified electrode approached the steady state at the beginning of a run, and the background current was 23 µA in the batch sensing system with a stirring rate of 100 rpm. The Ni-modified electrode was introduced into the electrolyte containing 500 ppm ACh, the response current increased from 23 to 115 µA in 100 s, and it approached the steady state for 100 s. We repeated the sensing procedures with different ACh concentrations from 400 to 100 ppm and back to the background current. The sensing procedures are recycled to test the reproducibility of the Ni-modified electrode. The reproducibility of the response current seems good with the first and second test, although the first response current is larger than the second response current. The 90% response time of the current was 50 s. The sensitivity of the Ni-modified electrode ͑0.182 µA/ppm͒ is three times larger than that of a pure Ni electrode ͑0.0653 µA/ppm͒.
20
Electrochemical activities test with other neurotransmitters.-Eelectrochemical activity tests with different neurotransmitters including EP, DA, AA, and choline ͑Ch͒ were carried out by using the Ni-modified electrode. Their respective concentrations are shown in Table I . 3 In neuron systems, neurotransmitters were presented in different locations of neuron cells, such as EP in the central neuron system and ACh in the subsympathetic nerve system only. The results revealed that the intensities of response currents from neurotransmitters are AA Ͼ EP Ͼ DA Ͼ Ch Ͼ ACh. The development of an ACh sensor in an enzyme-free system for detecting ACh in the subsympathetic nerve system is possible. Meanwhile, the electrochemical activity was based on the concentration of species, and the orders are EP Ͼ DA Ͼ AA Ͼ Ch Ͼ ACh. In the electrochemical test, the response current and the electrochemical activities of ACh are small. This results from the ACh molecule not containing electroactive materials; it should be hydrolyzed for further oxidation. Therefore, the response current and activity of ACh were limited by the conversion of hydrolysis. Other neurotransmitters such as EP, AA, and DA contained one or two hydroxyl functional groups and were more easily oxidized than ACh by the Ni͑OH͒ 2 /NiOOH, although they were only tested using a carbon electrode.
Conclusions
An Ni-modified electrode was prepared by the electrochemical deposition of Ni on the substrate. The surface characteristics and topography with different Ni 2+ reducing current densities were investigated by SEM and AFM. The high Ni 2+ reducing current density generated a dense and smooth surface. The roughness of the surface was 33.6 nm. The high Ni 2+ reducing current density also resulted in a high sensitivity for detecting the ACh due to more ␤ -Ni͑OH͒ 2 /NiOOH catalytic sites which are measured by linear sweeping potential methods. The temperature of the electrolyte was 70°C when reducing the Ni 2+ . The sensing potential of the Nimodified electrodes was determined at 0.45 V ͑vs. Ag/AgCl͒, which resulted in good linearity in the ACh concentration range from 0 to 500 ppm. The sensitivity was 0.182 µA/ppm, and the lowest testing ACh concentration was 50 ppm with a response time of 50 s. 
